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IBSTRI CT

'i prototype coupled Harine Atmospheric Boundary Layer

(H&BL) and Oceanic Boundary Layer (OBL) model, from physical

models which have been separately formulated, is developed.

The observational efforts will be directed toward coupling

(local) point MLBL and OBL features. Emphasis in the char-

acterization of local features will be on the evolutions of

the adjacent vell-mixed layers. rhe approach will be to

compare observed evolutions in the oceanic and atmospheric

boundary layers with predictions from bulk models wherein

the ocean influences the atmosphere through the surface tem-

perature which, in turn, is influenced by atmospher-c forc-

inq. The atmospheric forcing parameters are the local

surface turbulent fluxes and radiation. Surface turbulent

fluxes ire controlled by the surface temperature and atmos-

pheric mixed layer parameters. Radiation is controlled by

predicted cloud formation and lissipation.
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I- INTRORMUON

The idea that both atmospheric and subsurface environ-

mental conditions can have a significant effect (enhancement

or degradatior) on modern weapon and sensor systems has now

become a reality to many military leaders. This has led to

a greater demand for more reliable and accurate atmospheric

and oceanic prediction schemes. Prediction of the existencs

and evolution of electromagnetic ducts ar- important in pre-

dicting over the horizon surface to surfaze detection. Pre-

dictions of the inversion height is imp3rtant where ;t is

known that optical propagation is degraded due to turbulence

and extinction. Ocean mixed layer predictions are important

for determining convergence zo.ne distances, optimum source

level depth, and cutoff frequency for acoustic surface duct

pro pagat ion.

The ability to provide accurate forecasts requires a

complete understanding of the dynamical processes occurring

"n each of the atmospheric and oceanic boundary layers, and

as important, the processes associated w:ih cc'1pled local

chanqes in the two layers.

Very little is known about the irteraotive nature of ths

adjacent turbulent boundary layers. Th. cbjective of this

II
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thesis is to formulate a model which couples two already

existing and proven models for the respective adjacent

well-mixed boundary layers. This coupling is achieved by

matching the surface boundary conditions for stress, mass

flux and heat flux (Figure 1).

This coupled model may then be used to examine the pro-

cesses of coupled local oceanic and atmospheric mixed layers

at time and spatial scales of 12-18 hours and 50-100 kin,

respectively. Significant changes in both mixed layers can

occur at these scales. Explaining these changes requires

coupled evaluations of existing atmospheric and oceanic

well-mixed layers at a point.

At the present time, we only have qualitative evidence

'hat changes in each layer are correlat-d. The rigcrous

specifiraticns or descriptions of the coapling will requir _

considerable interpretive efforts and, perhaps, improved

formulation of the separate models.
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A. GENERAL BOUNDARY LAYER FEATUJRES

The Marine atmospheric Boundary Layer (HABL) extends

from the surface through the capping inversion. The Oceanic

Boundary Layer (OBL) extends from the sarface to the sea-

sonal thermocline. The air-sea interface is bordered by

oceanic and atmospheric turbulent mixed layers which effec-

tively insulate the quasi-qeost.ophic 3ceanic and atmos-

pheric flows below the theruocline and above the inversion,

respectively. The primary source of the turbulence is the

velocity (current) and buoyancy (density) gradients created

by interaction a, the interface. The large vertical mixing

yields nearly homogeneous (wall-mixed) wind, temperature and

humidi.y profiles above the surface. In the ocean, the :e=2

mixed layer refers tc the regin cf vertical uniformity in

mean velocity and density. Although denssi-y is a function

of both temperature and salinity, it is usually dependent

upon temperature except when large near-surface salinity

changes occur due to heavy precipitation Dr ice melt in hiqh

Slatitudes. At the bottom of the ocean mixed layer and at

1~4



the top of the atmosFhere mixed layer are thin transition

. regions (thermocline cr inversion). The mixed layers inter-

act with the upper and lower layers at these regions by

means of turbulent forced entrainmnt. Typical molel pro-

files depicting thp boundary layer regions for both the

atmosphere and ocean are shown in Figure 2.

The well-mixed nature of both the turbulent RABL and OBL

implies features for the vertizal distribution of mean val-

ues and vertical fluxes of wind, temperature and humidity in

the atmosphere and dersity and mcmentum i the ocean. One

feature is that the Froperties which are conserved during

mixing can be treated as being constant with height (depth)

in the boundary layer. A secand featur. is that vertical

fluxes of the well-mixed parameters vary linearly with

height. These features enable predictions to be based

solely on the surface and inversion (entrainment) fluxes if

advection is negligible.

Another important source of energy, in addition to ".ur-

bulent kinetic energy, in both mixed layers is radia.ion.

Unlike the MABL, most of the solar radiaticn does not pene-

trate the OBL. Therefore, downward turbulent heat flux in

the OBL is as important as the upward flux. Since -:he lona

15
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wave (infrared) radiation flax is absorbed and emitted

within the first millimeter of the sea surface, this flux

component is essentially another component of the oceanic

surface heat flux. The total surface heat flux is comprised

of sensible and latent heat and the long and short wave

solar radiation. Bcth the long and short wave (solar)

fluxes into the ocean are critically dependent upon the

existance of clouds in the atmosphere.

In both the MABL and OBL, buoyantly-created velocity

fluctuations and mixing have the most pr~ncunced effect on

mixed layer characteristics. Garwood (1977) states that

buoyancy-forced vertical mixing has a more obvious and

direct role in the mechanical energy budget, as shown in

Figure 3. In the atmosphere, even under near neutral condi-

tions, buoyancy forcqd fluctuations and mixing can be qui-

larqe. These buoyancy driven energetic eddies fill t-he

atmospheric bcundary layer from the surface to the inversion

where they entrain warm, dry air and bring more momentum

in.to the mixed layer. lf eitrainment causes the MABL to

extend above the lifting ccndensation level, clouds or fog

will form within ths layer.

17|7
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" It is the roalization that buoyancy dri-.ven entrai-nment

-depends on the near surface stability, which in turn 4-

,.controlled by local atmosphe ri3 forcing .0f the upper ocean
layer which makes a coupled prediction ipproach necessa-y.

~A circularity In cause and effect a-is=s because surface

buo yancy flux induced entra-inment not only increases the

.depth of the MABL, but it also changes its effect on the

ocean mixed layer. The role of the sarface buoyancy flux

~means changes ir the oceanic well-mixe=d layer could be

e either the cause oz the result of entrainment. Another
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cause and effect relationship is the formation and dissipa-

tion of clouds vithin the &BL. Clouds can be caused by

changes of the ocean surface temperature. In turn, clouds

have a profound effect on the short and long wave radiation

budget for the OBL.

[. These cause and effect relationships show that the

assessment of relative roles of dynamic processes in both

layers requires coupled evaluations using relatively complex

physical models. k data set collected (Davidson et aI 1983)

over a 48 hour period in May 1978 demonstrates the nature of

coupled local changes in the atmospheric and oceanic bound-

ary layers. For a period from 1700 to 0500 local time,

clouds existed in the MABL and winds Increased steadily from

6 to 9 ms". during this perid. It is suggested this

increase was associated with d epening of the HABL (and

therefore, the entrainmentC of additional momentum to Lh=

mixed layer) which is, in turn, associated with Ahe surface

temperature. The oceanic bounda:y layer deepened as the

wind reached a maximum, resulting in the sarface temperature

dropping from 14.50 to 13.0oC.

There were other atmcspheric response and forcing fea-

tures observed during the entire 48 hour period frcm

19



5/19/1200 to 5/21/1200 PST vh4-ch are believed to have been

associated with coupling betveen the tW3 layers. &taos-

pheric and oceanic mized layer observations appear in Figure

'4.

These additiotal features are:

a) The kBL depth increased from 250 to 750 meters over

the 48 hour period. The changes occured in relatively

short Intervals, from 20/0000 to 20/0400, and from

21/0000 to 21/0500. Tha IBL depth remained at near

constant depths during the intervening 12 to 18 hour

periods.

b) The surface layer temperature increase from 20/0000

to 20/1500 is indicative of entrainment of overlying

warm air. This entrainmant, presumably was a factor

in the wind speed increase over the same period. The

speed -increase, in turn, presumably caused the warm

shallow OBL to be destroyed which d:opped the surface

temperature after 20/1800.

c) The most dramatic change in the 31ABL occured duri-ng

the period from 21/0000 to 21/0500 which was Immed--

4 ately after the surface temperature had droppe d due

to vind mixing.

23
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Questions which could be posed on the basis of the above

data are:

a) Did the dramatic change in the ABL depth at 21/0000

occur as a result of the ocean forcing the atmosphere?

b) Does the fact that the mixed layer evolved with rapid

changes followed by equilibrium periods indicate feed-

back between the boundaries?

c) What wculd have occurrel if the wind had reached its

maximum value at a time other than after sunset?

d) Was the time of occurrence of the wind maximum and,

hence, the ocean mixing controlled by the coupled

mixed layer system?

This thesis will attempt to answer some of these ques-

tions on the basis of the formulated coupled model. As

stated earlier, all answers can only be obtained through

considerable interpretive efforts.

The scope of the overall scientific effort is illus-

trated in Figure 5. The local oceanic descriptions will ba

made by a bulk oceanic mixed layer model (the Garwood

Model). The atmospheric descriptions will be made by the
Naval Postgraduate School (NPSI Marine Atmospheric Boundary

Layer model (Davidson et al 1983). Tactically significant

-4
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operational descripticns (forecasts) to which the improved

understandings would apply, appear on the extreme right hand

side of Figure 5.

B. MARIVE TOSPHERIC BOUNDARY LAYER (HABL) MODEL

The YPS boundary layer modal is a zero-order, two layer,

integrated mixed layer model. ]he two layers consist of the

well-mixed, turbulent boundary layer, and the relatively

non-turbulent free atmosphere. The aDdel is based on

entrainment energetics formula ted by Stage and Busingqr

(1981) and cn radiative transfers described by Davidson st

al (1983).

The inversion (or transition zone) separates one layer

from the other. in a zero-orler sodel, the inversion is

assumed to have zero thickness, hence, a discontinuity, or

jump occurs ir. the profiles of the conservative paramete-s

at the inversion.

The present model requirss as input, a. initial atmos-

pher1c sounding, the mean winds at a level within the sur-

face layer (10-30 meters) and the su.face temperature.

Boundary layer wind values for the duration of the fo-scast

period can be obtained f.cm larger scale models. In this

study, actual hourly wind spead measur. -. s were input as

23
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part of the model initialization. Sea-surface temperature

remains unchanged from the initial input value. However, in

the coupled model, the sea-surface temperature will change

during the forecast period and will be that predicted by the

OBL model. jell-mixed temperature and humidity are predic-

ted so the surface wird and wind shear at the inversion are

the only atmospheric variablas which have to be prescribed.

The larger scale subsidence, obtained from the large scale

model must also be prescribed for the for-cast period.

Three methods can be used to compute the large scale

vertical velocity (subsidence) from single station observa-

tions. These three methods are well described by Gleason

(1982) and include the kinematic and adiabatic methods and

-he in-eqration of the moisture budget equation (Q-method).

Gleason's study showed the Q-mzethod displayed the most merit

as a siag2e-station assessment of subsid-nce. This method

was used to compute subsiderc. for this study. Th= solar

zenith angle used in the computaticn of the short wave radi-

at've flux is determined from the latitule, julian day and

time of day cf the initial input.

The model predicts the time evolution of the inve-sion

heiqht, and the mixed layer values of 8 (temperatur-.) and g

25



(humidity) ,as well as their Jumps, at 33-M~nute intervals.

The prediction model is run out to 24 hours. The steps in

the prediction computation are shown in Figure 6, where it

is ncted that procedures are the same for clear and cloudy

cases except for entrainment computation and estimation of

cloud top cooling.

The model uses the standard integrated rate equations

(Teneke andDredonks, 1981) to predict the time evolution

* of the conservative variables and their Jumps at the inver-

s:.on. These equations are:

h(Dx/Dt)= -w(We) (wX')h + sourze (1)

h (D-Ox/Dt) = h'x (ah/ct) - (We x1)0 + (w'XI)h -source (2)

where r is the lapse rate above the inversion and the source

t e rm Jis e qua I to0 R(n h- vn/fC for x=9 and equal to zero for

X=q. Fri is the net radiative flux. The subscripts zero and

h refer to surface and inversion height values, respec-

ti vely.

Stage and Businger's (1981) entrainment velocity params-

terizati;on is used to close the system of equations and

dectermine the time evoluti-on of the irve:si-on height. The

closure assumption states that the di-ssid'Pation rate of the

26
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turbulent kinetic energy (TKE) is a fra-tion (I-A) of the

preduction rate. 'A' is the eatrainment coefficient, taken

as 0.2.

Mathematical modeling of radiative flux transfer is an

extremely complicated but still developed subject. Unfortu-

nately, even the simple radiative transfer models are still

extremely complex in comparison to m:3t other physical

parameterizations used in the mixed layer model. Uncer-

tainty in background aerosols, atmospheric absorbing gases

(water vapor, carbon dioxide, :zone) and cloud droplet size

spectra are sources of error in radiation calculations.

Long and short wave radiation fluxes are computed sepa-

rat ely.

The long wave radiation flux calculation was modified to

permit non-black stratus clouds by introducing the cloud

emissivity, c, ~which is a function of the total cloud liq-

uid content, W. Since the cloud liquid wa-er profiles are

approximately linear with height (Davidson et al, 1982),

cloud liquid water content and cloud emIssivity are given

by:

W= 0.5Pa(h - Z.c) qh (3)

c= 1 - exp (-aW) (4)
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where ya is the density of air 11.25X 103 gm cm 3 , h is the

height of the mixed layer (cloud top) Zc is the lifting

condensation level (cloud bottom), a-0.158 (Slingo, 1982),

and s, a the liquid water content at the cloud top.

The long wave cloud top net radiation flux, Lnh, can be

calculated from the cloud top temperature, Th, and the
effective radiative sky temperature, Tsky, using the Stefan-

Boltzmann Law. At the cloud bottom, this flux, Lnc, is cal-

culated in the same manner using the sea surface

temperature, T., and cloud bottom temperature, T. These

fluxes are given by:

4 4
Lnc= "(Ts - T 4 ) (6)

where Cris Stefan's ccnstant (4.61 X 13-11 ) and c , cloud

emissivity, is obtained from equation 4. The net long wave

flux at the surface, Flong, becomes:

Flong = -(Ts4 - urcT -( 1 -,c) TskY4 ) (7)

where T is the average temperature of th- cloud. Fo! the

cloud free case, the net fluxes are calculated at Z=h and

Z=O using the standard method (Fleagle and Businger, 1978)

of integrating the flux emissivity profil_. The net long

wave flux at the surface for the clear sky case is:
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7d(8)

where Fu is the upward radiative flux and 7 d the downward

* radiative flux.

*Surface flux paraueterizat 3n (bulk asr-odynasical) for-

mulae

* 1/2 (a
a aCd U1 0  a

1/2 (c

q*= Cq (go- q) 9c

are used to determine the surface fluxes 3f momentum, sensi-

ble heat and latent heat. Those fluxes ace given by:

2
UIw'U U* (m omen tum) (10a)

T'w'= u*T* (sensible heat) (10b)

qlwt= u*q* (latent heat) (l0c)

where Cd and CS are the ten meter stability dependent drag

coef ficient, 9 is the poten t ial temperature, and q is the

specific humidity. The subscri pt zero lenotes the surface

value.

The short: wave radia-tive flux is calculat-el using th-:

delta-Ed-Ingtcr msthod (Joseph, 1976). ITh-s was added to t-he-

model to acccan- for heatzina of the mixed layer by sola=
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radiation. Short wave extinction is dominated by scattering

(as opposed tc absorption). This scattered radiation forms

a second short vave radiative component usually referred to

as 'diffuse' solar radiation. Scattering in the mixed layer

is due to atmospheric part-icles, cloud droplets in the

cloudy case and sea-salt aerosols in the cloud-free case.

This HABL model computes both the direct and diffuse radia-

tive components to determine ths total short wave radiation

flux at the surface. An explanation of the delta-Edington

method and all of the parameters, atmospheric factors, and

equations involved is a very complex subject and is beyond

the scope of this paper. An excellent review of this sub-

ject has beer. published by Fairall (1981). An important

sho-t wave radiative parameter that Is prescribed in the ABL

model is the fraction of reflected short wave radiation, Ag,

from the sea surface. It is taken as 0.1.

C. OCEANIC BCUNDARY LAYER (OBL) MODEL

Garwocd (1977) developed an ocean ixed layer model

using the Navier-Stokes equation of motion with the geostro-

phic component eliminated, the continuity equation in incom-

pressible water, the heat equation frou "he first law of

-hermodynamics, the conservation of salt equation, and a

l' nearized equation of state.
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Prediction of the rate of isepening (3r retreat) of the

mixed laysr is dependent upon in unlerstanding of the dyna.-

ics of the entrainment process. The turbulence of the over-

lyinq mixed layer provides the energy needed to destabilize

and erode the underlying stable water mass (Garwood 1977).

Therefore, the turbulent kinetic energy budget is the basis

for the entrainment. This system is closed using a mean-

turbulent-field modeling of th- vertically integrated equa-

ti.ons far the individual TKE components,, plus the inclusion

of the bulk buoyancy and momentum equatioas.

Seperate verti4cal and horizontal equations for TKE are

used to better handle the mixing process. Buoyancy p~oducad

energy is somewhat more effiali-r-t thar. sha: production as a

Szlurce of energy for vertical mixing because of its uniqus

effect on the vertical compone-ar- of --he tarbulent velocity.

The bucyancy equation ;.s generated from the heat and salt-

equati-ons together with an equation of stats:

and buoyancy Is given by:
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where 0 is temperature, S is salinity, y ens-ty, g gravity,

and the constants a( and ar-he expansion coefficients for

heat and salt, respectively. rhe tilde rapresents the total

instantaneous value and the subscript zero denotes in arbi-

trary, but represetative, Constant value. Using b instead

of e (t emaper at ur e) for the definitIon of buoyancy allows

thi*s model to be applicable ia si-tuations where evaporation

and prezipitation contributz significantly to the surface

buoyancy flux. Temperature is in most =ases considered to

be the dominatIng factor in th? dsnsit y p co fil6e. The rsla-

ive i.mportarce of the salinity effect on the short term

evolution of the density profile isgn-ly no.sgii

cant (Miller, 1976).

Temperature and salinity profi'les, and for extended

Jforecasts, the wind dri-ven horizontal current profiles, are

required as input for model ntaizii. These are used

to comput~e the mixed layer de:pth. The q wc B oe

defi;nes the mixed layer depth,, h ,as the shallowest- depth

at which the cbserved density value, t -a is0.020t units

greater than the observed surface densi.-y Yalu,?.

*Ocean envircnmental paramaters that have to be pre-

scribed include; t he fraction of short wave rallaticn
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absorbed in the top one meter of the ocean, the radiation

extinction coefficient for d-.terminatio2 of the downward

turbulent heat flux, and the critical Richardson number for

a stability adjustment at the bottom of the mixed layer.

The parameters required for surface boundary condition

computations include wind speed and direction, cloud cover,

sea surface tmoerature, air temperature (dry bulb), dew-

point temperature, incident solar radiation, and the rate of

evaporation (E) and precipitat-on (P).

The turbuien. fluxes of latent heat, Q., and sensible

heat, Qh, are estimated using the bulk a!.rodynamic formu-

!Is:

Qe= Cd (-98Es ?a) UIO (13a)

Qh= Cd (Ts - Tah ia (13b)

and the net back radiaticn is es:izated from the empirical

equatin (Husby and Seckel, 1975):

Q 1. 1X 10"7(273. 16+T) 4  (.39 - .5Ea ) (1 - .6C ) (13c)

whqre E. is the saturated vapor oressure :f the marine al=

(0.98 corrects for salt defects) , Ea is the v;por pressure

of air based on the dew-poiat temperatur., Ta ai tampera-

ture, T. sea surface temperature, and Z is the fractional

cloud cover. The upward heat flux, Qu, is then ai ven as:
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The solar radiation9 , is given by:

b C3)QSM ( acz( -. 66C Q (15)

where gois the clear sky radiation given by (Seckel and

Beauday, 1973):

go- Ao. A, ccs + Bisin +A 2 cos 2 B2 sin 2*q (16)

The constants a and b are adopted from Tabata (1964~) and the

cubi4c cloud cover correction from Laevastu (1960). Th e

variable is the? mid-day elevation angle of the sun. The

co efficients (Al ect.) were calculated by harmonic rep-

resentation of the values predicted i--i the Smiit-hsonian

Meteorological Tables (list 1958) with

S(21T/365) (t-21) (17)

where t is the Julian day of the year.

Not all of the i*ncoming sho)rt wave raiation penetrats

-:he ocean mixed layer. Approximately half (for open ocean)

is absorbed wit4hin the filrst meker. The amount absorbed

va:.es from region 1o region depending on t he amount of

absorbiag parti-_cles such as phytoplankton and yqllow sub-

stance. More radiation will be absorbed i. coas~tal :egocns
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than in the open ocean regions. rhis portion of absorbed

short wave radiation is therefore consi.dared to be part of

the upward heat flux. The remainder of the short wave radi-

ation does penetrate the nixed layer and is attenuated in an

exponential fashion depending 3n water tiirbildity. If the

fracti6cm of solar radiation absorbed In the first meter, Rf,

is qiven, ther. the net heat at the surface is given by:

0 net Ou + (Rf)Qs -s (18)

From these, the surface fluxes of buo.yancy (heat and

salt) and momentum can then be computed. rhe turbulent tem-

perature, salinity, velocity and buoyanzy fluxes are given-

by:

(TIVI) =Qnet /Y'C (1 9a)

(Sow$) =(P-E) so (19b)

0(1 we =U* (19c)

(bfw') = ~r((Tlw') - (S'w')1 (19d)

respectively, where u*, f-4c-:on velocity -n air, is calcu-

lated by:

~sfa CdI U, 0  (20)

FY /2(1
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The subscript zero refers to thq surface value and 'C, is the

surface stress (dynes ca2 ) in this xodel, a positive

buoyancy results when Qnet<O ani E)P. Duiring daytime peri-4

ods, negative buoyancy flux results froi the domination of

the solar heating at the surface, while during the night

periods, a positive buoyancy flux is pro3duced by thp com-

bined effect of net long wave radiation and the upward tur-

bulent fluxes of heat and moisture.

New ocear temperature, salinity ani wind driver, current

profiles are predicted at one hour intervals. Thase_ are:

then used to predict the new mixed layer lepth. rh steps

in the prediction computatioa are shown i.a Figure 7.

D. FORMULkTED COUPLED BOUNDARY LAYER MDEL

The physical processes desari,,bed in the preceiing two

sections wore not alt-red durin; the co)uiling steps. Some

m:,d.46f Ica t Io r.s wer e involved in transfarring parametess

between -.he models. Also razessary was the uni-formit-!y of

unt.ts. The crnly parameter supplied from ths ocean model for

use in itmospheri-c computat~ons is the przd4 cled sea surface

temperature. However, thIs praliction is influenced by many

atmospheric parameters.
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-4 Compute New:

-Mixed Layer Depth
___________________ -Well-Mixed Salinity

- and Temperature

SS

Figure 7. Schematic of Input,. rescription. and Computing
Steps in QEL Pred4 C: OT.
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Parameters in the atmosphere initialization include;

wind speed and direction, dew-point temperature, latitude,

julian day, and time of day. Short wave radiative flux

(direct and di-ffuse) , long wave radiative flux, sensible and

latent heat fluxes, and the surfacse momeatum flux were com-

put ed by the atmospheric section of the coupled model and

input to the ocean model.

The first problem associatsd with the coupling involved

'he different predictiLon time steps of the seperate models.

The atmospheric model uses a 30-minuze timeinevl

whereas, -the ocean model uses a ore-hour time st-ep Interval.

Assumijng no significant sea-surface temperatu re change would

take place over the short one --hour interval, the oce-an mod-

el's oredic-ion scheme was i-nserted inato the atmospher-

model as a subroutin~e. ThIs D=9 dict i:n scheme is only

clled every o4-her 30-minute -,:,me step. The ocean mcd=els

intializatio:n routinss are zxecutgd immediately up:n the

completion cf --he at:mosphere model's initialization.

The second prcbecm was wJ-ith wind iapit. The ABL mode!.

does not require wind Iirectica as an inp,-,ut parameter, o r y

,-he macni-tude of the wind speed. However, -theg ocean mcde-I

requi.res wind direction tc compats the ho_:i-zcntal components
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of the winds. These components are used to determine the

2

ocean turbulent velocity flux, u* , components used in the

momentum budget computations. A new subroutine was added in

the initialization scheme to determine the horizontal wind

components from wind speed and direction input. These com-

ponents are determined by:

u1Ox2" -(sin 9)LI1 0  (22a)

u10O,= -(Cos f)u10  (22b)

where uj0 is ths specified wild speed at 10 mete~s and the

east-west ard north-south components ars u10 X arnd u10o,

respectively. 9 is the direction from which the winds are

blowing relative to true north. Use of equations 20 and 21

and the following relatiJonship:

tCs= ?au* W ?WU (23)

al.lows the ocean turbulert veloci-ty flux (uw) --o be deter-

mined (assuming the density of seaWate6r, to b--: approxi-

4matea by 1) by first compating the wind streSs from

atmospheri-c parameters and thea equating I-he ocean turbulen

veloc.-y flux to the computed wind stress value. The= ho -

zontal compone-nts of the turbulant vel)c-it y fluxes i*WX ard

112,are ther, easily computed by:
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U* 2CUUQ a 0 Clk(ulo 0 x 2 ily 2 (241)

2 2 (2 5a)

U% 2 = COUI1  (2 5b)

The atmospheric derived values are comptetd using the K

unit system and had to be convartel to the CGS system prior

-!o any oceanic computations. This -onvr-rs~on is dona at the

start of each ocean prediction run.

* As discussed in section B, the short wave radiative flux

* :s calculated using the delta-Eaington metho . The long wave

radiative, sansible heat and latent heat fluxes are computed

using equat.6cr.s 10a, 10b and 10::, respectively. A unit- con-

version from Watts m to Cal C;m s is rezquire,;d on these

values prior to use by ocean model. This conversion is

again done a- the start of the ocean pradiction run. A flow

diagram of the steps in the couapled model's predicti.on com-

putation i6s shown -r- Figure 8.



IINITIAL PROFILES:
ATM- TEMPERATURE

HUMIDITY

OCN- TEMPERATURE

Call Ocean Model SLNT
Compute New:

Sea Surface Temperature
Mixed Layer Depth ER

SURFACE. WINDS
____________________________ SEA SURFACE TEMPERATURE

SUBSIDENCE (DIVERGENCE)
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COMPUTE:

SURFACE FLUXES
CONDENSATION LEVELS

STEP 30 I
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MIXED LAYER DEPTH

WELL MIXED TEMPERATURE
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Fi-gure 8. Scl-e atic of Atmosph r-c and 0-9an~c Coupled
MONT4. The Ocean mol e! is caired iat every othsr
30-minute -- me step to forecast prescribed
surface tem'perature for the LMABL predict-on..

42



I. 2U.I. 1M

The data sets used in this study are from the Coopera-

tive ?xperiment on West Coast 3ceaaography and Meteorology

to 23 May 1978 (CEWCOM-78). Both were conductced in the Los

Angeles-San Diego basin. Oceanic and atutospheric d.ta werq

collected siaulaneously throiighcuit thase time periods.

XET's were deployed from the a/V ACANIA 3n a regular basis

(2-3 per day) in conjunction with atmosphere radiosondes.

Sesa surface temperature and atmospheric lata such as winds,

temperature, and relative humility were also obtained con-

tiruous2.y thrcugh these periods on board the R/V ACANIA.

Thr-Be 24-hour periods were selected for model initiali-

zation and veri fication. The firs-6 two cases cover a

48-hour period, 5/19/0500 to 5/21/0500 PST, during

CEWCOM-78. This pericd coinCilas withI the? observations di-.s-

cussed in chapter 2, in which coupled air'--sea in'tecractions

were ci.ted as possible explanations for zhanges in both the

atmospheric and oceanic mixsd layer. Satellite imagery

showed uniformly increain str3atus coverage (thin to heavy)

durin'g this 48-hour -periJod. A clear sky situation was
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chosen for the third case. This 24-hour period, 10/04/1900

to 10/05/1900 PST, was during CEWCOH-76.

The general location of the R/V &CNIA during these

pericds is shown in Figur.s 9, 10 and 11. During case 1 the

ship was at anchor for the majority of the time period. The

anchcraqe location is shown in Figure 9. For cases 2 and 3

the R/V ACANIA was cruising slwly (2-3 k:iots) re.-urning -o

an initial point approximately every 12 hours. Winds were

primarily from the west during the cas _ 1 period. The

winds shifted slightly to a west-northwest direction midway

t.hrough the case 2 period. Winds for ca3e 3 were primarily

from the northwest and werq muzh slower than in either case

1 or 2.

Two predictions were analyzed for each case, one predic-

.-on was based on the coupled ir-sea boundary layer model,

and the second prediction was with the atmospheri= model

with a fixed surface temperature. A searate oceanic pre-

4 diction using fixed atmospheri: parameters (persistence) was

not made. This was the result of an iri-ial modification

that removed the wind stress ani heat flux ccmputation pack-

age in the ocean model in preparation for coupling with the

atmosphere model.
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&-q ure 9. Ancora~p ston PVAl rV -y

Sa ;.o sIslani from 9/1f07jnto /27

Presentati--on of results will be in tw:) parts. The rt

to be presented is the coupled model's performance wit 1

respect tc observed oceanic and atmospharlz vari-ati-ons. The

second will deal wi'-h a comparison of predictsd values

between the coupled model and 1-hs itm-)spheric model. All

'ables and figures are grouped together by case number a--

the end of the chapter.
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A. RESULTS FROM COUPLED MODEL

1. CASE 1 2§212 tal to Qj.22 U la

A listing of predicted atmospheriz and oceanic mixed

layer quantities for this cas3 appear in Table 1. Values

are for each 30-minute time step and since oceanic values

are only computed at one-hour intervals, the same value

appears at two time steps. The parameters listed include:

height of inversion (Zi) height cf lifti4ng condensation

level (Zici), wind speed (Wind), atmospheric mi-xed layer

potential temperature (Th), evaporation duct haight (Ze),

sea surface t9MperatUre (SST) , ocean mixed layer depth

(tLD), and the net ocean surface heat flux (TV).

Predi'cted values are also showin in Figures 12

through 17. Figure 12 shows the time ewolution of predic-

,-ad sea-surface temperatures (solid line) and the values of

the measured surface temperatures (dashed line). Figure 13

shcws the time evolution of the ocean aiixed layer depth.

Figures 14-16 show ocean ver:::-*al profiles for temparaturo,

u and v wind driven current velocities, and the Falinit-y

4change from an inil-ial value of 33.5 ppt, :espe :tively.

Figure 17 shows predictions of iatmospheri.: parameters.
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High solar insulation luring the daytime results in

a net downward heat flux (ocean warming). This can be read-

Ily observed in the net surface heat flux values (TW) , 4in

Table I, with the negative sign appearing luring the daytime

hours. Maximum heating of the ocean oczurred between 1300

and 1400 local time. This same pattern, warming in the day-

time hours, is also observed in the sea surface temperature

values, Table I and Figure 12.

The winds appeared to be Eairly constant, 8ms' ,

between 0500 and 1100 on the ni.eteenth. wind mixing coupled

with convective cooling at the surface caused the mixed

iayer depth to deepen slightly from 19.5 to 20.9 m (Figur -

13). This deepening and net heat loss at the surface caused

the surface temperature to drop. As heating of the sea sur-

face began to increase due to the increase of solar radia-

-:on, a shallow mixed layer of 14 meters formed.

The winds rapidly decreased from 9 'o 5 ms'i at 1200.

4 This coincided with a near maximum value of =adiative heat-

r ing causing a shallow 7 meter mixed layer to form in less

than I hour. As daytime heating conti,.-Ied, a shallower

mixed layer cf 3.5 meters formed. This process is referrad

to as the 'afternoon effect' in acoustic literature and is a
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quite common phenomenon in many areas of the ocean. In Fig-

ure 14, the 7 meter mixed layer is barely discernible in the

1300 vertical temperature profile. The weak gradient at the

- base of the mixed layer only required weak mixed layer ero-

sion (increase in winds or convective cooling) to break down

the shallow mixed layer. During the late afternoon, the

winds began 4o increase, and with the d.ecreasing of solar

radiation, the shallow thermocline was erIed away. The MLD

continued deepening for the remainder of the time period due

to wind-driven and convective mixing.

Since sea-surface temperature is the sole input from

the ocear model to the atmosphere model, a comparison is

mae of predicted and actual sea-surface temperature values

(Fiqure 12). Since the R/V AZANTA was at anchor during the

majority of this time period, this is considered the best

case to determine hoA well sea surface temperature changes

due to atmospheric forcing are being prsdic-ed. The coupl-d

model prediction yielded a 0.25 0 C temperature increase dur-I

ing the daytime heating period with a maximum tempera-.ure of

15.40C at 1600 local time. A aaximum surface temperature cf

*15.60C was observed at 1600 ;iving a 0.20: error.
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After the daytime heating period, the surfacee tem-

peratures beqan to drop. The minimum predicted surface tea-

perature at the end cf the 24-hour period was 15.20C which

yields a 0.20C temperature drop. The 0.060C temperature

* . drop prior to ocean warming makes the magnitude of the pre-

diLcted diurnal warming and cooling to be approximately

equal. The actual minimum temperature at the end of the

period was 14.960C. Although there are small errors in the

magnitude of the diurnal heatinag and cooling affects, the

--:-me evolution of -this phenomenon is predicted quite well.

Precipitation was not observed during t1-his period,

therefore the surface moisture flux and surface salinity

flux were due entirely to evaporatiJon. The slight predicted

increase in salinity from 33.5 to 33.5038 pp-:, shown inFig-

ure 16, is due to evaporation.

An unstable ccnditi-on existed in "the atmosphere lur-

ing this predIction period. A strong b'Ioyarncy flux at the

surface increases entrainment and should :ause the inversion

hei-qht to increase unless subsidence (associated with shal-

vowing of the inversion height) is strong enough to prsvs nt

this increase. in this case, stibsi-dence was relatively weak

(-.0028 mi ) and entrainment was able to increase t-he inver-

sion height.



Cloud occurance/dissipation was of interest because

of its affect on radiation at the surfa-e. With the lifting

condensation level, LCL, lower than the inversicn throughout

this time period, stratus clouds should be present during

the entire period. This feature was observed. During this

period the LCL decreased from 243 to 125 meters while the

inversior height increased from 256 to 348 meters. This

would indicate a thickening of the cloud3 over this 24-hour

period which was also observed to be trus. The air-sea

coupling effect on predicting these cloud features cannot

be identified until the results with a constant sea surface

'emperature forcing are examined. However, on the basis of

the predicted temperature change, a significant influence by

the coupling is not expected.

2. CASE 2 (0500 20 ll to 0500 21 may)

A listing of predicted atmospheriz and oceanic mixed

layer quantities for this period are givz.n in Table III and

shown graphically in Figures 19 through 24. As in case 1,

daytime heatinq at the surface is apparent by the negative

signs in frcnt of the ne- surface heat flux values. The

maximum downward heat flux valae was not as high as in case

1 and was probably due to thickr cloud :noditions for this
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4
case. However, increasing surface temperatures were

observed during this heating period.

The winds increased steadily from 6 to 11 Mi

throughout the first half of this period and slowly

decreased to about 9.4 ms' at the end of the period. The

higher winds should be associated with increased wind mixing

cf the ocean mixed layer. The increased winds caused ths

mixed layer depth to deepen at the end of this Deiod. This

also reduced the shallowing of the mixed layer during the

afternoon radiative heating period. The shallowest mixed

layer formed at 16 meters versus 3.5 mters in the previous

case. In igure 21, the 20 meter thermocline is seen tc be

very weak, and with the higher winds, the shallower aftpr-

noon mixed layer lasted only a couple of hours.

The effects of the diurnal heating and cooling peri-

ods caused a 0.10C temperature increase and a 0.150c temper-

ature decrease, respectively. Both values are also smal!sr

than those predicted in case 1. Reasons for the smaller

predicted increase are: 1) thicker clouds reduced the amount

c.f solar hea-ing during the day, therby reducing the diurnal

a temperature increase; 2) the higher winds increased the ver-

t'cal mixing, causinq cooler water below to be mixed irto
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the upper layer and also increased the latent heat loss due

to evaporation. thus reducing the total net heat flux at the

*. surface; and, 3) the larger air-sea temperature difference

increased the sensible heat loss, which also reduced the net

heat flux. The decrease in the downward solar radiative

heating and increase in sensible and latent heat losses were

somewhat balanced by the decrease in the long wave heat loss

due to the presence of the clouds. rhis decrease in the

long wave heat loss was also the primary reason for the

sliqhtly smaller Value in the nighttime cooling period.

Comparisons cf the predicted surface temperatu:e

values with the actual values (Figure 19), show a noticeabls

difference. This is probably due to the fact that at 0700

:ocal time on 20 May, the R/7 ACANIA began cruising slowly

to the northwest. The regional horizontal temperaturs

structure must be take-n into azcount, Tha southern alifcr-

nia ccast a! bathymetry and associated currents greatly

influenze the sea surface temprature stracture. Thp Cal-

fornia Current brings in coldr water from the north as it

hsads south along the coast. Near Point Conception, the

current begins to turn to the southwest aday from the ccas-.

Due to coas~al bathymetry, Point Conception also prcvides
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sheltering for the intrusion of warm water along the coast

from the south by the Davidson Current. The Eddies and

meanders of cold and warm water make the sea surface temper-

ature structure complex in the CEWCOM experiment areas. The

surface temperature variation observed by the R/¥ ACANIA

apears to be due to oceanographic features.

The 10C temperature increase in the first two hours,

when the ship began moving to the northwest, indicates that

the ship's ransit was through one of the small warm eddy

features. Two reasons for this are 1) Radiative hea2ting of

the ocean did not even begin until after the observed sur-

face temperature had already begun to rapidly decrease, and

2) the higher winds would tend to mix the surface watprs

with the cooler water from below, thus caasing a decrease In

temperature not an increase. The short time duration of

this warm feature also suggests a transit through an ano-

maly. With the ship only cruising at 2-3 knots, the warm

aLomaiy still only lasted less than 4 houcs.

The ship turned on a northerly course at 1300 and

-he rapid temperature decrease stopped. It is reasonably

*I safe to infer from thi sudden zhange in the surface tempera-

-L-e trend (rapid decrease to slight in.-=_se) that the ship

5
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is initially crossing the temperature gradient contours and

then followed a parallel course with these contours. This

would make oceanic conditions more compatible with those in

case 1. Since the 0.40c temperature icrease during the

daytime heating period compares favorably with the value

observed while the ship was at anchor, the increase is

therefore presumably due to the diurnal heating.

The ship turned back to a west-northwest course

shortly after 1800 and the surface temp.rature immediately

began to decrease 1.50C In 4 hours. Two hours after the end

cf this pericd, 0700, the ship came about and paralleled i-s

previous course but in the opposite direction. An examina-

tion of the observed sea surface temperatures shows a rapid

•ncrease comparable to the decrease while heading in the

opposite directicn. This further substantiates the observed

large temperature changes are not due to atmospheric forc-

-ng, but rather to the ship's movement through an oceano-

grarhic eddy or front.

Unstable atmospheric conditions axisted during this

p -icd as well. The 1.5 0 C drop in the air temperature and a

* much smaller drop in the ocean temperature (0.2 0 C) coupled

with higher wind speeds resulted in a large surface buoyancy
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flux. This resulted in a much higher predicted inversion

height change due to entrainment. ]he slightly smaller sub-

sidence rate was also a factor in the greater predicted

.i  increase of the inversion height.

The lifting condensation level fluctuates up and

down unlike the steady decrease in height in case 1. How-

ever, the height of the LCL never increased above the ini-

tial height and so with the large increase in height of the

inversion, thickening of the stratus cloud deck is predicted

to continue during this period as wall.

3. CASE 3 (1 00 0!j OCT to 1900 05 OCT)

A listing of predicted atmospheriz and cceanic mixed

lay-zr quantities are given in table V and shown graphically

ir Figures 26 through 31. Although the time period for this

case is in October, there are still many features occuring

that are similar to the first :vo cases ia May. The primary

differe.ices in this case, other than being a cloud-frse

case, are 1) the air and surface temperaturs are much warmer

and 2) a much higher value of subsidence was observed.

Daytime heating is apparent in pred.ictions for the

* clear sky case, as expected. The magnitude of -he net ocean

surface heat flux is, however, smaller than the value fcr
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the thin stratus deck condition in case 1. This is presum-

ably due to the difference in 3sasonal heating rate and will

not be considered part of the local coupling effects.

The winds in case 3 are much weaker than in the

first two cases. With the light winds and high downward

surface heat flux during the day, a much shallower mixed

layer might be expected. The ocean mix9I layer depth (MLD)

values in Table V (also shown graphically in Figure 25) show

that an ocean mixed layer of 1 meter suddenly forms in less

han an hour after heating began at 0930. This shallow

thermocline is much stronger than in either case 1 or 2, and

persists throughout most of the day (Figure 28). As the

winds slowly increased late in the afternoon, the shallow

mixed layer deepens. Without winds to mix this shallow

reqicn, surface heating is much greater in this case. A

0.60C surface temperature increase was pre.dicted to occur.

As in case 2, the ship's movement played a major

role in the large var-.atons -a observed surface temperature

values. This prevented the verification of the predicted

surface temperature increase iuring the laytime heating

pericd. Figure 11 shows the :-mplex horizon:al temperature

structure in the CEWCOM-76 experiment a.ea for the first
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week of October. From this figtire, it is hard to explain

the large 2.80C temperature drop during the first half of

the period as the ship appeared to be heading into warmer

water. The rapid temperature icrease, starting at 0900, is

obviously due to the ship transiting into the warm eddy fea-

ture north of Santa Catalina Island (Figure 11).

Unstable atmospheric c- onditions are also present

during this time period. The high subsidence caused the

inversion to be forced downward to withia 72 meters of the

surface. The lifting condensation level d1creases even more

rapidly and finally becomes lower than the inversion at the

!ast hour of the forecast period. This implies the forma-

ion of a low stratus cloud deck. From Figure 33, fog and

stratus clouds were observed to f-orm ja the CEWCOM experi-

ment area.

B. COMPARISON OF COUPLED AND X r1OSPHERIC MODEL

The seccnd and f inal phase of this study is to compare

the previous coupled air-sea boundary layer model results

with the atmospheric model results using a consT-ant sea sur-

face temperature. This comparison is t. determine if any

differences existed between the atmospheric predictions, and

if so, detsrminre if these differencqs are due to coup.ed
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interactions. A listing of the atmospheric model predic-

tions of atmcsphere mixed layer parameters for cases 1, 2

and 3 are found in Tables II, 17 and 71, respectively.

Graphical presentations of thase results are shown in Fig-

ures 18, 25 and 32. All tables and figures are grouped

together by case number at the end of this chapter.

The initial comparison reveals no significant difference

in the two predicted sets of mixqd layer parameters, indi-

cating a negligible effect of coupled intsractions or atmos-
pheric predictions for this short time period. The

predicted inversion heights are essentially identical in

both sets of predictions for all three cases (maximum dif-

ference of 2 meters). This is also foand to be true for

bumidity and even the evaporation duct height predictions.

This observation is somewhat sarprising since there are sig-

ificant interactions between the surfaze fluxes (evapcra-

:ion) and these parameters. rhe close proximity of thsse

parameters to the ocean surface would also imply a more sig-

gificant impact even with small changes in sea-surface -er-

pe ratures.

* The only parameter that seems tc be clearly affected by

the coupling is the liftina cindensation level. However,
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even for the cloudy ccnditions of cases 1 and 2, this shows

only a slight deviation. A maximum difference of only 5

meters is observed between the predictions for these cases.

In the clear sky case under warmer and more humil condi-

tions, there is a 30 meter difference observed in the two

LCL predictions. However this occutred as the atmosphere

approach near neutral conditions. This may indicate the

model's inability to make reliable fore=asts under stable

atmospheric conditions.

Since a comparison of pr--dicted ocean parameters between

a coupled and independent ocean model was act made, no con-

clusions on this topic can be made at this time. Although

tentative results indicate no definite advantages using a

cupled model for the atmospheric predictions, the reverse

may very well be true for cceanic predictions.
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On the basis of a limited study of several 24-hour pre-

dictions, surface temperature variations are not large

enough to require ocean mixed layer processes in short term

atmospheric fcrecasts. Careu.lly selectqd data sets and

considerable interpretive efforts are essential if general

conclusions are to be drawn on the relative roles of dynamic

processes in bo~h bcundary layers. Further studios are

required to determine the modal's ability to betzer handle

forecasts at longer time scales. Further studies should

also include sensitivity analyses to define situations for

which air-sea interaction effects are greatest. Studies of

oceanic sensitivity to atmospheric foria are required to

determine the impact it will have on acoustical forecasts.

The CEWCOM-76 and 78 data, although able to supply

simultaneous and ocpanic Ia:a, suffered in two major

respects First, -he complexity of the horizontal temparature

structure with meanders of warm and cold eidy features had

definita impacts on observed data. Second, data was col-

l.cted while the R/V ACANIA was transi:ia; through a ccmplex
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ocean temperature structure. Z-hangas in observed conditions

under these circumstances can and did mask the in~teraction

processes of interest.

Although the primary results of this study indicate

coupled alr-sea models are probably not necessary for short

term atmospheric forecasts, a coupled model still has advan-

tages, especially if long tern forecasts are to become pos-

si'ble. Such a model would not be the single one-dimensional

one considered here. However, this; model offers many poten-

ti1 benefits as a multi-purpose model with single station

assessment and prediction capabilities in the absence of

shore-based support. A sound valocimy profile (SVP) predic-

* tion capability could be easily incorporated i-nto thi-s

model. In conjunction w~th p=-3sent prsdizti.on capabilities,

a multi-purpose model would be available for a wide range of

n~eeds. Ocean mixed layer depth and SVP predictions can, be

u1sed in predicting ASW senso: capabilit-s rnvironmental

effects on the perfcrmance o f weapons and sensors that

depend on electromagnetic and alectro-opti-cal wave propaga-

:.On can be evaluated usina thi same modal.
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TABLE I

Coupled model Predicted Ajmgspheric and Ocinic sixed Layer
Quantrties- Case 1.

HOUR Zi Zlcl WIND Th SST MLD TW Ze
0430 256 243 0.0 £3.3 £S.2 0.0 0.0000 0.0
0500 252 216 8.0 £3.4 iS.2 19.S 0.0000 7.2
0S30 250 174 8.0 13.3 iS.2 20.1 .0067 6.9
0600 2S0 £30 8.0 £3.0 iS.2 20.1 .0067 6.4
0630 2S2 116 8.0 £2.9 iS.i 20.4 .0028 6.0
0700 2S6 £2i 8.1 i2.8 iS.i 20.4 .0028 6.0
0730 259 127 8.1 12.9 1S.1 20.7 .0011 6.1

, 0800 262 £32 8.i £2.9 iS.i 20.7 .0011 6.1
0830 265 £36 8.i 12.9 iS.i 20.8 -.0007 6.2
0900 267 139 8.i £2.9 is.1 20.8 -.0007 6.2
0930 270 142 8.1 12.9 iS.2 20.9 -.0028 6.3
£000 272 14S 8.2 £3.0 1S.2 20.9 -.0028 6.31030 274 148 8.2 13.0 15.2 16.4 -. 004S 6.3
1100 276 iSi 8.2 £3.0 £5.2 16.4 -.0045 6.3
1130 278 M53 6.6 13.1 iS.2 14.1 -.0057 6.3
1200 279 iS3 5.0 £3.0 iS.2 14.1 -.00S7 5.7
1230 280 iS3 S.i 13.0 iS.3 7.2 -.0066 S.2
1300 281 i53 5.3 12.9 iS.3 7.2 -.0066 5.2
1330 282 £53 S.4 12.8 iS.3 3.6 -.0066 S.2
1400 283 £53 S.6 12.8 iS.3 3.6 -.0066 5.3
1430 284 152 S.8 12.8 iS.4 5.i -.0052 S.4
iSO0 285 iS0 5.9 12.7 i5.4 5.i -.0052 5.4
1530 286 148 6.1 12.7 iS.4 6.5 -.0032 S.5
£600 288 14S 6.3 £2.6 iS.4 6.S -. 0032 S.6
1630 289 142 7.0 12.6 i..4 8.3 -.0008 5.6
1700 291 138 7.8 12.S iS.4 8.3 -. 0008 S.9
1730 293 134 7.7 12.S iS.3 12.0 :0014 6.1
1800 296 130 7.7 12.5 15.3 12.0 .0014 6.1
1830 299 127 7.6 12.4 is.3 14.8 .0029 6.1
1900 301 125 7.6 12.4 £5.3 £4.8 .0029 6.1
1930 304 12S 7.5 12.4 iS.3 17.0 .0034 6.1
2000 307 12S 7.9 12.4 iS.3 17.0 .0034 6.1
2030 310 127 8.3 12.4 i.3 18.7 .0034 6.2
2100 313 i28 81 12.4 iS.3 i8.7 0034 6.4
2130 316 129 7.9 12.3 i5.3 20.6 .0038 6.3
2200 319 129 7.7 12.3 15.3 20.6 .0038 6.3
2230 322 129 7.5 12.3 V3.3 21.1 .0036 6.2
2300 324 i29 7.3 12.3 is.3 21.1 .0036 6.2
2330 327 429 7.0 12.3 15.2 21.3 .0035 6.1
0000 329 129 6.8 12.2 iS.2 21.3 .003S 6.0
0030 331 128 6.5 12.2 is.2 21.S .0033 6.0
0100 333 127 6.3 2.i i5.2 21.S .0033 5.9
0130 335 127 6.1 i2.1 i5.2 21.6 .0032 5.9

0 0200 337 126 6.1 i2.0 is.2 21.6 .0032 5.8
0230 339 125 6.2 12.0 i5.2 21.7 .0031 5.9
0300 341 12S 6.2 12.0 is.2 21.7 .0031 S.9
0330 343 12S 6.2 11.9 iS.2 21.9 .0032 S.9
0400 344 12S 6.2 11.9 iS.2 21.9 .0032 6.0
0430 346 125 6.2 11.9 iS.2 22.0 .0033 6.0
OSO0 348 125 6.2 11.9 iS.2 22.0 .0033 6.0
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TABLE 1I

IABL model Predicted Atmospheric Mixed Layer Quantities-Case1

HOUR Zi Zlcl WIND Th SST MLD TW Ze
0430 2S6 243 0.0 L3.3 ±5.2 0.0 0.0000 0.0
0S00 252 216 8.0 13.4 iS.2 0.0 0.0000 7.2
0530 2S0 174 8.0 13.3 £5.2 0.0 0.0000 6.9
0600 250 130 8.0 ±3 0 is.2 0.0 0.0000 6.4
0630 2S2 117 8.0 L2.9 £5.2 0.0 0.0000 6.0
0700 256 ±23 8.± 12.9 1S.2 0.0 0.0000 S.9
0730 259 128 8.L 12.9 ±5.2 0.0 0.0000 6.0
0800 262 £33 8.1 12.9 £5.2 0.0 0.0000 6.1
0830 265 £37 8.1 12.9 ±S.2 0.0 0.0000 6.2
0900 267 £40 8.i 12.9 £5.2 0.0 0.0000 6.2
0930 269 143 8. 13.0 £S.2 0.0 0.0000 6.2
10oo 272 146 8.2 13.0 £S.2 0.0 0.0000 63
£030 274 149 8.2 £3.0 £5.2 0.0 0.0000 .
£100 276 £51 8.2 £3.0 £5.2 0.0 0.0000 6.3
£130 277 £S3 6.6 13.1 £S.2 0.0 0.0000 6.3
1200 279 153 S.0 £3.0 15.2 0.0 0.0000 5.8
£230 280 £53 5.2 13.0 £S.2 0.0 0.0000 5.2
1300 281 £52 5.3 12.9 ±5.2 0.0 0.0000 5.2
1330 282 ±52 S.5 12.8 £5.2 0.0 0.0000 5.3
£400 283 150 5.6 12.8 £5.2 0.0 0.0000 5.4
£430 284 £49 5.8 12.7 £5.2 0.0 0.0000 5.5
1500 285 147 6.0 12.7 S.2 0.0 0.0000 5.6
£530 286 145 6.1 £2.6 ±5.2 0.0 0.0000 5.6
£600 288 141 6.3 2. 5 .2 0.0 0.0000 5.
£630 289 137 7.0 1 2. £5i.2 0.0 0.0000 5.8
1700 29£ £33 7.8 £2.5 15.2 0.0 0.0000 6.0
£730 294 £30 7.7 12.S i5.2 0.0 0.0000 6.3
8oo 296 126 7.7 12.4 iS.2 0.0 0.000) 6.2

£83o 299 123 7.6 12.4 £S.2 0.0 0.0000 6.2
1900 302 122 7.6 12.4 £5.2 0.0 0.0000 6.2
1930 305 £22 7.S 2.3 £S.2 0.0 0.0000 6.1

£300 JOB 123 7.9 £2.3 1S.2 0.0 0.0000 6.t
1-330 £1 124 8.3 £2.3 £S.2 0.0 0.0000 6.3
2100 314 126 8.1 12.3 iS.2 0.0 0.0000 6.4
230 37 £26 7.9 122.3 iS.2 0.0 0.0000 6.4
2200 320 127 7.7 12.3 15.2 0.0 0.0000 6.3
2230 323 t27 7.5 12.3 £5.2 0.0 0.0000 6.3
2300 325 128 7.3 £2.3 £5.2 0.0 0.0000 6.2
2330 328 128 7.0 12.2 15.2 0.0 0.0000 6.2

3 000 330 27 6.8 12.2 i5.2 0.0 0.0000 6.1
030 332 £27 6.6 12.2 £5.2 0.0 0.0000 6.0

0100 335 127 6.3 £2.1 £5.2 0.0 0.0000 5.9
0130 337 126 6.£ £2.1 £S.2 0.0 0.0000 5.9
0200 338 i25 6.1 12.0 ±5.2 0.0 0.0000 5.9
0230 340 £25 6.2 £2.0 2.5.2 0.0 0.0000 5.9

40300 342 £25 6.23 11.9 £5.2 0.0 0.0000 5.9
0330 344 £25 6.2 £1.9 £5.2 : 0.0 0.0000 6.0
0400 346 125 6.2 11.9 £5.2 0.0 0.0000 6.0
0430 347 £25 6.2 11.9 £5.2 0.0 0.0000 6.0
0500 349 125 6.2 11.8 £5.2 0.0 0.0000 6.0
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TABLE III

Coupled Model Predicted Atmgspheric a d ocea-nic Mixel Layer
Quanrt!itia- Casa Z.

HOUR Zi Zici WIND Th SST MLD TW Ze

R0430 3i 316 0.0 12.0 is.0 0.0 0.0000 0.0

oso 3So 284 6.4 12.0 is.0 22.S 0.0000 7.6
os30 3Si 249 6.4 1.8 £4.9 22.7 .00s7 7.3
0600 3S3 222 6.4 11.7 £4.9 22.7 .oos7 7.0
0630 3S7 208 6.4 1.7? 14.9 22.8 .0032 6.8
0700 362 20S 6.S 11.7 £4.9 22.8 .0032 6.8
0730 368 209 6.7 £1.7 14.9 q2.8 OSJ9 6.8
0800 373 2iS 6.9 11.8 14.9 69

0830 378 222 7.2 £1.9 14.9 22.9 .0004 7.0
0900 383 229 7.S 12.0 £4.9 22.9 .0004 7.1
0930 388 235 7.8 12.1 149 2.9 -.00 14 7.2
£000 393 242 8.7 12.2 14.9 22.9 -. 014 7.4
,030 399 248 8.s 12.3 s.O 2,0.1 -.0028 7.7

1100 403 2S4 8.3 12.4 is. 20.1 -.0028 7.7

130 408 260 8.2 £2.5 iS.0 20.0 -.0038 7.6

£200 413 264 8.1 12.6 £50 20.0 -0038 7.6
1230 417 268 8.1 12.7 iS.O £6.8 -.0044 7.6

1300 421 272 8.2 12.7 IS 0 16.8 - 0044 7.5

£330 425 275 8.3 i2.8 15.0 17.3 -.0042 7.6
1400 430 277 8.S 12.0 15.0 17.3 -.0042 7.6

1430 434 278 8.7 £2 .9 iS. 18.7 -.0030 7.7

000 438 279 8.9 12.9 is0 18.7 -. 0030 7.7
1530 443 279 9.0 3.0 i5.0 20.5 -.0013 7.8

£600 448 278 9.2 13.0 IS.0 20.5 -.000 7.9

1630 4S3 276 9.4 13.0 i50 22.4 .0007 7.9
1700 458 274 9.6 13.0 is.0 22.4 .0007 7.9

£730 464 271 9.8 13.0 iS.0 23.1 .0024 7.9

1800 470 268 10.0 13.0 is.0 23.1 .0024 8.0

£830 477 267 i0.5 1.9 i.0 23.3 .0037 8.0

1900 483 267 11.0 £2.9 i5.0 23.3 .0037 8.1

1930 491 268 10.9 13.0 i.0 23.6 .0044 8.2

2000 498 271 0 13.0 14.0 23.6 .0044 8.2
2030 50 273 10.7 13.0 i5.0 23.9 .0045 8.2

2100 52 276 10.6 13.0 iS.0 23.9 .0045 3.2

2130 5±9 278 0.5 3.0 15.0 24.2 .0044 8.2
2200 526 281 10.4 13.1 1.0 24.2 .0044 8.2

2230 532 283 10.4 i3.i 15.0 2 .4 .0043 8.2
2300 539 285 £0.3 13.1 15.0 24.4 .004 8.2
2330 545 287 10.2 £3.1 14.9 24.7 .0043 8.

000 552 289 .1 i3 .i 14.9 24.7 .0043 8.3
0030 558 291 IL0.0 13.1 14.9 24.9 .0042 8.3

0±00 564 293 9.9 £3.1 14.9 24.9 . 0 042 a.3-

0130 570 295 9.8 £3.1 14.9 25.1 .0041 8.3

0200 576 296 9.5 13.1 14.9 25.1 .0041 3.3
V 0230 581 298 9.3 13.1 14.9 25.3 .0041 8.3

0300 587 299 9.0 13.1 14.9 25.3 .0041 8.2

0330 592 300 8.8 13.1 14.9 25.4 .0039 8.*2
0400 597 301 8.6 13.i1±4.9 25.4 .0039 8.
0430 bOi 302 9.0 13.1 14.9 25.5 .0030 8.0

OSO0 606 303 9.4 3.0 £4.9 25.5 .0038 8.3
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TABLE IV

MABL Model Predicted Atmosphe ic Mixed Layer Quantities-
Case

HOUR Zi Zlcl WIND Th SST MLD TW Ze
0430 351 316 0.0 12.0 iS.0 0.0 0.0000 0.0
0500 350 284 6.4 12.0 is.0 0.0 0.0000 7.6
0530 351 249 6.6 1.8 is.0 0.0 0.0000 7.3
0600 353 222 6.7 i.7 iS.0 0.0 0.0000 7.1
3 358 209 6.9 £7 15.0 0.0 0.0000 7.0

363 06 7.0 11.7 15.0 0.0 0.0000 6.9
0730 368 210 7.2 11.8 15.0 0.0 0.0000 7.0
0800 374 217 7.3 11.9 15.0 0.0 0.0000 7.1
0830 379 224 7.S 12.0 1S.0 0.0 0.0000 7.0
0900 38S 231 7 6 12.1 iS.0 0.0 0.0000 7.2
0930 390 238 7.8 12.2 iS.0 0.0 0.0000 7.3
1000 395 244 8.7 12.2 i5.8 0.0 0.O000 7.3
1o30 400 250 8.6 12.4 iS.0 0.0 0.0000 7.7
ii0 405 256 8.5 12.5 iS.0 0.0 0.0000 7.7
130 409 261 8.3 12.6 iS.0 0.0 0.0000 7.7
1200 414 266 8.2 £2.6 £5.0 0.0 0.0000 7.6
£230 418 270 8.1 12.7 iS.0 0.0 0.0000 7.6
1300 423 273 8.3 12.8 iS.0 0.0 0.0000 7.6
£330 427 275 8.4 £2.8 iS.0 0.0 0.0000 7.6
£400 431 277 8.6 12.9 i5.0 0.0 0.0000 7.7
£430 436 278 8.7 12.9 iS.0 0.0 0.0000 7.8
£SO0 440 279 8.9 13.0 is.0 0.0 0.0000 7.8
iS30 445 278 9.1 13.0 iS.0 0.0 0.0000 7.8
1600 450 277 9.3 13.0 is.0 0.0 0.0000 8.0
£630 455 275 9.5 13.0 is.0 0.0 0.0300 8.0
1700 460 273 9.6 13.0 iS.0 0.0 0.0000 8.0
£730 466 270 9.8 1.3 IS'n 0.0 0.0000 8.0
1800 472 26'f" £0.0 13.0 is. 0.0 0.0000 8.0
1830 479 266 10.5 £2.9 iS.0 0.0 0.0000 8.0
1900 486 266 11.0 13.0 iS.0 0.0 0.0000 8.1
1930 493 268 10.9 13.0 is.0 0.0 0.0000 8.2
2000 SO0 270 10.8 13.0 15.0 0.0 0.0000 8.2
2030 S07 273 10.7 i3.0 iS.0 0.0 0.0000 8.2
2100 514 276 10.6 13.0 iS.0 0.0 0.0000 8.2
2130 521 278 10.5 ±3.0 15.0 0.0 0.0000 8.2
2200 528 28i i0.4 i3.i iS.0 0.0 0.0000 8.2

'230 35 284 10.4 3. iS.0 0.0 0.0000 8.2
4.500 286 10.3 13.1 i1.0 0.0 0.0000 8.3

2330 548 288 £0.2 £3.1 is.0 0.0 0.0000 8.3
0000 54 290 iO.. £3.1 i5.0 0.0 0.0000 8.3
0030 560 292 10.0 £3.1 1s.0 0.0 0.0000 8.3
0100 567 294 9.9 £3.1 is.0 0.0 0.3000 8.3
3130 572 296 9.8 13.1 is.0 0.0 0.00130 8.3
0200 578 298 9.6 13.1 i5.0 0.0 0.0000 8.3
0230 584 300 9.3 i3.i 1s.0 0.0 0.0000 3 3
0300 589 301 9.1 13.1 is.0 0.0 0.0000 8.2
0330 594 303 8.8 13.1 1s.0 0.0 0.0000 8.2
0400 599 304 8.6 13.1 is.0 0.0 0.0000 8.1
0430 604 305 9.0 13.1 is.0 0.0 0.0000 8.0
OS0 608 306 9.4 £3.1 iS.0 0.0 0.0000 8.2
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TABLE V

Coupled Model Predicted AlmIspheric aid Oceanic Mixed Layer
Quantzts- Case

HOUR Zi Zlcl WIND Th SST HLD TW Ze
1830 248 333 0.0 19.0 21.2 0.0 0.0000 0.0
1900 242 328 4.3 £9.2 21.2 8.5 0.0000 8.L
1930 237 324 4.5 19.3 21.1 9.0 .0070 8.i
2000 232 319 4.7 19.S 21.1 9.0 .0070 8.3
2030 227 314 4.9 19.6 21.1 9.6 .0068 8.4
2100 222 307 S.i 19.8 21.1 9.6 .0068 8.6
2130 217 300 5.3 19.9 21.0 10.3 .0067 8.8
2200 212 292 5.5 20.0 21.0 10.3 .0067 8.9
2230 208 284 4.9 20.1 21.0 I1.i .0066 8.9
2300 203 276 4.4 20.2 21.0 11.1 .0066 8.4
2330 198 269 3.9 20.3 21.0 1.8 .0062 7.9
0000 193 263 3 5 fl.4 21.0 i.8 .0062 7.4
0030 189 258 3.2 _0.s 20.9 1~.4 .0058 7.0
0100 184 252 3.0 20.S 20.9 12.4 .0058 6.7
0130 179 246 3.0 20.5 20.9 13.1 oo54 6.5
0200 175 240 2.4 20.6 20.9 3.1 .0054 6.4
0230 170 236 2.1 20.6 20.9 13.6 0053 5.8
0300 165 231 2.1 20.6 20.9 13.6 0053 5.3
0330 161 226 2.5 20.6 20.9 14.2 .0050 S.3
0400 157 220 2.6 20.7 20.9 14.2 .0050 5.8
0430 i53 214 2.7 20.7 20.9 14.8 .0051 5.8
0500 t49 207 2.9 20.7 20.9 14.8 .oo51 5.9
0530 145 199 3.0 20.? 20.9 15.3 .005 S.9
0600 £41 191 2.7 20.7 20.9 15.3 .0051 6.0
0630 137 i85 2.5 20.8 20.8 i5.9 .0051 5.6
0700 133 182 2.2 20.8 20.8 15.9 .0051 5.4
0730 130 179 2.0 20.8 20.8 16.3 .0037 5.1
0800 126 177 1.7 20.9 20.8 16.3 .0037 5.0
0830 123 17S 1.5 20.9 20.8 16.3 .0011 4.8
0900 119 172 1.0 20.9 20.8 16.3 .0011 4.6
0930 116 171 S 20.9 20.9 1.0 -.0012 4.1
1000 112 171 1.4 2.0 20.9 1.0 -. 0012 2.9
1030 109 169 2.3 21.0 21.0 1.0 -.0032 4.4
1100 106 166 2.4 21.0 21.0 1.0 -.0032 4.8
1130 103 163 2.7 21.1 21.2 1.0 -.0045 4.9
1200 10£ 162 3.1 21.1 21.2 1.0 -.0045 4.6
1230 98 160 3.7 21.2 21.3 1.0 -.0049 4.8
1300 96 164 4.4 21.2 21.3 1.0 -.0049 4.6
1330 94 166 4.9 21.3 21.4 1.1 -.0043 4.6
1400 92 i71 5.4 21.5 21.4 1.1 -.0043 4-5
1430 89 £72 6.0 21.6 21.2 2.6 -.0026 4.4
1500 87 160 6.0 21.6 2i.2 2.6 -.0026 4.6
£530 85 149 6.0 21.6 21.1 3.9 -.0009 4.1

* 1600 82 138 6.0 21.6 21.i 3.9 -.0009 3.7
1630 80 127 6.0 21.6 21.1 6.0 0012 3.3
£700 78 £13 6.0 21.6 21.1 6.0 .0012 3.0
1730 76 98 6.0 21.S 21.0 7.6 .0035 2.6
1800 74 80 - 6.0 21.4 21.0 7.6 .003S 2.3
1830 72 65 6.0 21.4 21.0 9.7 .0044 i.9
1900 72 6S 6.0 21.2 21.0 9.7 .0044 1.7
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TIBLE VI

,ABL Model Predicted Atmosjhejic Mixed Layer Quantities-

HOUR Zi Zlci WIND Th SST MLD TW
1830 248 333 0.0 19.0 21.2 0.0 0.0000
£900 242 328 4.3 19.2 21.2 0.0 0.0000 a 1
1930 237 324 4.5 19.3 21.2 0.0 0.0000
2000 232 320 4.7 19.5 21.2 0.0 0.0000
2030 227 315 4.9 19.6 21.2 0.0 0.0000 4
2100 222 309 5.1 19.8 21.2 0.0 0.0000 dj S
2130 217 303 5.3 19.9 g 1 00 0.0000
2200 213 297 5.S 20.1 1 .0 0. 000
2230 208 291 5.1 20.2 t .0 0. 0 8
2300 204 284 4.8 20.3 21.2 0.0 0.0000 8 4
• 330 199 278 4.4 20.4 21.2 0.0 0.0000 3 0
000 19s 273 4.1 20.5 21.2 0.0 0.0000 7

0030 190 269 3.7 20.S 21.2 0.0 0.0000 7.3
0o 186 263 3.4 20.6 21.2 0.0 0.0000 6.9
0130 181 258 3.0 20.6 21.2 0.0 0.0000 6.S
0200 176 254 2.9 20.7 21.2 0.0 0.0000 6.2
0230 172 250 2.8 20.7 21.2 0.0 0.0000 6.0
0300 168 245 2.6 20.8 21.3 0.0 0.0000 5.8
0330 163 240 2.S 20.8 21.2 0.0 0.0000 1.7
0400 159 236 2.6 20.8 21.2 0.0 0.0000 S.5
0430 155 231 2.8 20.8 21.2 0.0 0.0000 5.b
0500 151 226 2.9 20.9 21.2 0.0 0.0000 5.6
0S30 147 220 3.0 20.9 21.2 0.0 0.0000 5.7
0600 144 214 2.8 20.9 21.2 0.0 0.0000 5.6
0630 140 210 2.5 20.9 21.2 0.0 0.0000 S.3
0700 136 208 2.3 21.0 21.2 0.0 0.0000 5.0
0730 133 207 2.0 21.0 21.2 0.0 0.0000 4.9
0800 129 206 1.8 21.1 21.2 0.0 0.0000 4.7
0830 126 205 1.5 21.1 21.2 0.0 0.0000 4.5
0900 122 203 1.0 21.1 21.2 0.0 0.0000 4.3
0930 119 202 5 21.1 21.2 0.0 0.0000 3.7
1000 115 202 1.4 21.2 21.2 0.0 0.0000 2.7
1030 112 200 2.3 21.2 21.2 0.0 0.0000 4.3
1100 109 196 2.7 21.2 21.2 0.0 0.0000 5.0
1130 106 19i 3.1 21.2 21.2 0.0 0.0000 5.4
1200 £03 186 3.6 21.3 21.2 0.0 0.0000 S.5
1230 101 179 4.0 21.3 21.2 0.0 0.0000 S.4
1300 98 171 4.4 21.3 21.2 0.0 0.0000 5.4
1330 95 161 4.9 21.4 21.2 0.0 0.0000 S.2
1400 92 153 5.5 21.4 21.2 0.0 0.0000 4.7
1430 90 146 6.0 21.5 21.2 0.0 0.0000 4.4
1500 87 138 6.0 2i.5 21.2 0.0 0.0000 4.0
1530 85 130 6.0 21.6 21.2 0.0 0.0000 3.6
1600 83 122 6.0 21.6 21.2 0.0 0.0000 3.2
1630 81 115 6.0 21.6 21.2 0.0 0.0000 2.0
1700 78 106 6.0 21.6 21.2 0.0 0.0000 2.S
1730 76 94 6.0 21.5 21.2 0.0 0.0000 2.1
1800 74 80 6.0 21.5 21.2 0.0 0.0000 1.9
1830 72 69 6.0 21.4 21.2 0.0 0.0000 1.7
1900 71 66 6.0 21.3 21.2 0.0 0.0000 1.S
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Case 3. Predicted valuaes are showr~ b t he solid

Aline. observed values are shown by t~czdashed

I. 2

sea9 1288 188e

4 ~~T tur __
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Case 3.
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